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SUMMARY 
The purpose of this investigation was to investigate fully developed 
flow in the transition region between laminar and turbulent flow in a 
thermal entrance region, to describe an experimental system to obtain 
pertinent information, and to compare analytical and experimental results. 
A review of the literature was conducted as an introduction to the 
present investigation and showed that work had been done for laminar and 
for turbulent flow in a thermal entrance region. Special attention has 
been given to turbulent flow and many systems have used unique entrance 
shapes as well as fluids. This survey of the literature gave no indica-
tion that any work had been conducted on the transition region. This 
investigation is therefore intended to fill the void between laminar and 
turbulent flow in a thermal entrance region. 
The analytical solutions used for this investigation were the Graetz 
solution for heat transfer from an isothermal wall to a fluid flowing in 
laminar motion. A solution for heat transfer from an isothermal wall to 
a fluid flowing in turbulent motion between flat plates was also used. 
This solution was based on that of Poppendiek and Palmer which they 
devised for describing the heat transfer to liquid metals. It was changed 
so as to describe the heat transfer to water. 
An apparatus was described that is believed to be particularly 
suited to the investigation of heat transfer in an entrance region. The 
apparatus may be easily altered to permit use of any number of entrance 
configurations or heat exchange media. It was simple yet effective. 
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The only drawback seemed to be in the care necessary for assembling the 
apparatus correctly, 
The experimental investigation consisted of obtaining heat transfer 
data to -water flowing in small passages -with the ratio of the length of 
the heater to the diameter of the heater equal to 0.1+7$, 0,970, 1.38, and 
2.12. The data were taken over a range of Reynolds number from 960 to 
3U,800, with heat transfer coefficients varying from 778 . ••'Btu_ to 
hr-ft2-°F 
21.U00 ^ respectively. 
hr-ft2-°F 
Since a comparison was made between the analytical and experimental 
results, an analysis was conducted to ascertain how closely the experi-
mental system adhered to the postulates of the analytical solutions. These 
were that: (1) longitudinal conduction is negligible compared to radial 
conduction, (2) heat is added to the fluid only in the heat exchanger, 
starting at x s 0 and continuing to x = L, and (3) the walls of the heat 
exchanger are isothermal. An examination of the first of these shows that 
longitudinal conduction may be neglected for water in this apparatus. An 
examination of the second postulate shaved that the system in turbulent 
flow followed very closely the conditions of the analytical solutions. 
The system in laminar flow, however, permitted some 10 per cent of the 
total heat to be conducted into the water channel by the gaskets before 
and after the heat exchanger. An examination of the condition of iso-
thermal walls showed that, in laminar flow, the experiments followed 
very closely the postulate of the analytical solution. The deviation of 
the wall temperature in turbulent flow, however, was found to be an 
average of 10.2 per cent of the difference between the first increment 
of the heat exchanger surface and the mean water temperature. 
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To estimate the other uncertainties of the apparatus, an error 
analysis -was conducted and showed that a precision of about 20 per cent 
was had for the four heat exchanger sections when the results "were 
plotted as Nusselt number versus Graetz number^ about 2k per cent when 
the results were plotted as Nusselt number versus Reynolds number. 
The conclusions from this investigation are that the results from 
the experiments in the laminar region cannot be compared to the analytical 
results because of excessive heat leakage to the water channel before and 
after the heat exchanger. 
The results from the investigation in the turbulent region agree, 
within experimental error, to the analytical results. 
The transition region begins at a Reynolds number of I67O. This 
is believed to be lower than the accepted value because the hydrodynamic 
calming section was too short to ensure a properly developed flow pattern. 
The results of the four heat exchangers used could be represented 
by a single curve, beginning at a Graetz number of 200,000. 
The rate of increase of the Nusselt number in the transition region 
depends on the «• ratio and is greatest for the smallest ^ ratio. 
Extremely high values of the heat transfer coefficient may be 
obtained in a thermal entrance region. Values up to three times the usual 
accepted long tube values were attained in this investigation. 
The empirical equations presented by I. T. Aladyev, which conform 
to the experimental system, seem to yield values which are somewhat high. 
This is evidenced by the fact that bis values are higher than the analytical 
and experimental results of this investigation. 
2JL 
The recommendations from this investigation are that a larger 
apparatus, similar to the one described, be used to investigate the transi-
tion region. This larger system would permit a smaller heat loss through 
the gaskets. A better method of assemblying the apparatus should be 





General,—The process of transferring heat between a pipe wall and a 
fluid flowing inside the pipe is widely used and much arduous study and 
work have contributed toward explaining the mechanisms present in such 
a system. One of the main problems is that of designing a heat exchanger 
that -will transfer the most heat in the smallest space. One method of 
doing this would be to use effectively the thermal entrance region 
phenomenon in a heat exchanger, "A thermal entrance region results when 
a thermally established fluid flawing in a duct system suddenly flows 
over surfaces which possess some new temperature distribution ." (l) 
It ia noted also that a thermal entrance region results when a fluid 
flowing in an adiabatic channel suddenly flows over surfaces which possess 
some new heat flux distribution. These two ideal cases have a discon-
tinuity at x SB 0 which gives rise to extremely large values of the heat 
transfer coefficient which can remarkably reduce the area necessary to 
transfer a given amount of heat. This may be illustrated by considering 
the definition of the heat transfer coefficient. Let & he the heat flux 
A 
across a so l id- f lu id i n t e r f ace . The f lu id i n contact wi%fe the wall w i l l 
be in laminar motion i f thus fluid i s not pe r fec t . The mode of heat 
t ransfer through the f luid i s then by molecular conduction only and 
1 
Numbers in parentheses refer to references i n the bibliography. 
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therefore the following equation may be wri t ten for the heat transferred 
across the in t e r f ace , 
'h^-^-kJ7]M a. A\ 
In this case, x is measured from the beginning of the heated section 
along the interface, y is measured from the interface radially to a 
point in the fluid; k is the molecular thermal conductivity of the 
fluid, t^ is the wall temperature, and t is the mixed mean fluid 
temperature. By rearranging Equation 1, the heat transfer coefficient 
may be defined as 
-k atl 
"I - Sf _ Jx ) (2) 
U v v ]™)ijL 
where the subscript x is used to denote that the values are dependent on 
the distance from the beginning of the heat section. It can be shown 
from Equation 2 for the case of a temperature discontinuity that if a 
fluid of uniform temperature, flowing in a passage of equal temperature, 
contacts a surface which has a new temperature at x = 0 and persists 
for all positive values of x, then as x approaches zero, 
approaches an infinite value• However, the value of (t -t ) is finite; ^- * w m x 
therefore, ĥ . approaches an infinite value as x approaches zero. If, as 
in the case of a heat flux discontinuity, there is a new heat flux distri-
bution at x = 0 which persists for all positive values of x, then it can 
be shown that 2L_ (x, 0) is finite* However, the value of (t -t ) 
c* 
approaches zero as x approaches zero; therefore h possesses an infinite 
value as x approaches zero. 
3 
Thus we see that a heat exchanger which effectively used the thermal 
entrance region would require less area to transfer a given amount of heat 
than one which did not, 
Previous Work.—The importance of the thermal entrance region has long 
been recognized and investigations as far back as 188£ are recorded when 
Graetz (2) derived a conduction solution for parabolic fluid flow in a 
tube with a uniform wall temperature entrance region, Stanton (3) in 
1897 attempted to investigate the effect of pipe length on the heat 
transfer coefficient but was unable to draw any conclusions since he 
used pipes with ratios of k a 31*6, 33.S, Ul.6, and 62.U. The thermal 
entrance region does not appreciably affect the heat transfer coefficient 
for i ratios over 30 or UO, 
Nusselt (U) in 1917 used the data of Stanton (3) and Rietschel (5) 
with data of his own and proposed a method of taking into account the 
effect of thermal entrance region for the flow of gases by the following 
2 
equation: 
Nu * o.os&zR* Pr /JLA (3) 
Great strides were made in 1921 when Latzko (6) developed turbulent 
forced convection solutions for both hydrodynamic and thermal entrance 
regions with uniform wall temperature. He limited his solutions to 
systems in which the Prandtl number was equal to one and also where 
heat was transferred principally by eddy convection, 
See Appendix A for nomenclature, 
h 
Short heat exchangers were studied by Maryamov (7) in 1936 with 
special interest toward aircraft radiators. He attempted to determine 
the effect of the thermal and hydrodynamic entrance region on the heat 
transfer coefficient. He proposed the following equation which is more 
influenced by the ~ ratio than that of Nusselt. 
-O.I5.L 
Nu = o.zsJL RePr 1- a<fbz p (W 
L L 
The next important contribution was th i r teen years l a t e r when 
Sanders (8) developed turbulent flow convection solutions for uniform 
-wall temperature en t rance r e g i o n s . He d e a l t only with f l u i d s of high 
Prandtl number and solved the problem by transforming the turbulent 
core in to a laminar core of equivalent thermal r e s i s t ance . 
Boelter , Young, and Iverson (9) investigated experimentally local 
heat t ransfer data for a i r flowing through a pipe with a uniform -wall 
temperature entrance region. They used a se r ies of hydrodynamic entrance 
conditions and a range of Reynolds number from 17,000 to 56,000. 
Humble, Lowdermilk, and Grele (10) measured average heat t ransfer 
coefficients for a i r flow through a tube with a bellmouth entrance. By 
dividing the tube in to 2\x small sec t ions , local heat t ransfer coefficients 
were ca lcula ted. Their data covered the range of Reynolds number from 
5,000 to 250,000. 
English and Barret t (11) measured local heat t ransfer coeff icients 
for the case of mercury flowing in a nickel tube with uniform wall heat 
f lux . They took data over a range of Reynolds number from u,000 to 
U5,000 with t h e i r main in te res t focused on determining heat t ransfer 
s 
c o e f f i c i e n t s for tubes of k r a t i o of 50 , where the thermal en t rance r eg ion 
does not app rec i ab ly a f f e c t the h e a t t r a n s f e r c o e f f i c i e n t . Their d a t a 
could , however, be used t o eva lua te l o c a l values i n the thermal en t rance 
region f o r •* l a r g e r than 5 . 
Seban and Shimazaki (12) obta ined numerical s o l u t i o n s for the 
thermal en t rance r eg ion of uniform -wall temperature by the f i n i t e 
d i f f e r ences method, 
Poppendiek (13) developed the s o l u t i o n s f o r l i q u i d metals f lowing 
i n a thermal en t rance reg ion of uniform t e m p e r a t u r e . He p o s t u l a t e d low 
P r a n d t l number and t u r b u l e n t flow t h a t obeyed the one-seventh power 
law. 
Aladyev ( l h ) i n v e s t i g a t e d exper imenta l ly the flow of wa te r i n a 
thermal en t rance r e g i o n . He recorded d a t a i n the range of Reynolds 
number of 2,^00 t o 100,000 and proposed t h e fo l lowing equa t ions for the 
average and l o c a l va lues of the h e a t t r a n s f e r c o e f f i c i e n t i n tubes of 
k l e s s than 60: 
-Z.2S&Z< 
o. & c>.4 / t 
Nu = o.ow-Pe, Pt\, /_A 
A * * C P. 
-0.30 
 8 _ 0 4// \ % « ) 
-r A/ O. 4-
Nu] = C Pe Pr 
(6) 
• / * 
-where C and N depend on the k ratio and are found from Figure 1. The 
solution of Equation 6 for the average value of the Nusselt number is 
shown graphically on Figure 2. 
Harrison (15) investigated both experimentally and analytically 
the flow of liquid metals, sodium and mercury, in a uniform wall temperature 
6 
thermal entrance region. He observed data in the range of Reynolds 
number of 20,000 to 200,000 and recommended extending the range to low 
Reynolds numbers of 1000 to 20,000 to invest igate the influence of the 
change in veloci ty p r o f i l e . 
Deissler (16) investigated experimentally and ana ly t ica l ly the 
turbulent flow of a i r in thermal entrance regions of tubes and p ipes . 
He studied the effect of variable propert ies on the growth of the thermal 
and flow boundary layers as well as the effect of the i n i t i a l velocity 
and temperature d i s t r i bu t ion . 
These are the major studies on entrance regions, but we note tha t 
none deal t with flow in the t r ans i t i on region between laminar and turbu-
lent motion of the f l u id . An invest igat ion of th i s nature would serve 
to c lar i fy the effect of th i s change in veloci ty p r o f i l e . 
Objective.—It i s therefore the objective of th i s thesis to invest igate 
the fu l ly developed flow of water in a thermal entrance region of uniform 
wall temperature in the range of Reynolds number from about 1,000 to 
20,000; to describe an experimental system to obtain per t inent informa-
t ion , and to compare theore t ica l and experimental r e s u l t s . 
CHAPTER TI 
ANALYTICAL SOLUTIONS 
Laminar Flow.—The mathematical solution for heat transferred from a tube 
wall to a fluid flowing in streamline motion was first solved by Graetz (2) 
and is presented by Jakob (17)# The local heat transfer coefficient may 
be defined as in Chapter I by ^ 




+ '(£.- r^ 
From Jakob, we see tha t 
-A 4^-7 
J LA J/ 
^ + 1 kfa,-i-„) r -"»**• 
/.4fTe o) j J(%.) n, 
•+/.073C -*0.3>5&<Z •+ ' ' ' / ; 
and that 
/ \ r -fn* ¥-
t~t> = ~(t—L) o.ejeoa 
-rn,p -rr>*V 
~* O.OJTZ & -+ O.O OS <2 




m » % " GT~ ' (9) 
Values ol/O a r e : 
/30 = £.706- /3t r <£.££ 
(10) 
Combining Equations 7 and 8 gives 
z / * / / • * ? ? * /G* + f.Q78z J/6* 
K = [o.SZo^^Y** + 0.o97Z<£*&^%* 
* o.3& i!***?*** ' • • • J (ID 
To calculate the average value of the Nusselt number over the length of 
the heat exchanger, Harrison (18) let 
f ~ (o.szoe /G* +o.o?7X e "G* 




+ o. 3-5-3 e ^-*-h (13) 
From a footnote in Jakob, page U53 • Values up t©>oL~ are given 
by J. Sellers, H« Tribus, and J. Klein, Heat Transfer to Laminar Flow in 
a Round Tube or Flat Conduit. . . The Graetz Problem Extended, A. S. M. E. 
Paper No. 55-SA-66, New York, New York, 1955. 
From the def in i t ion , 
- J2 I ~ A/_ 7 / r L Ni -1 H "loj> 




Jit ^ l 0- 3 2 0 + 
"<*ML -*&**>%* 7 (16) 
O.OJ7Z, + &.c>r3<S' + 
It can be shown (19) that the denominator of Equation 16 is equal to one; 
therefore, 
A/uJ= - ^0£. Jn[o.a*oZC*' ^ (17) 
•+ o.oTr&e J'G*'o. 0/3SC %-• • •/> 
Since the above solutions have not been evaluated for regions near a 
thermal entrance region, the solution of Leveque (20) may serve as an 
asymptotical solution to the solution of Graets, Namely, 
A/liJ - /.0766 /&*) (18) 
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Applying the definition of the value of the Nusselt number over the length 
of the tube, i.e., Equation llj., we obtain the following for Equation 18, 
JL 
/VuJ - / 6/6 (Oz) 3 • (i9) 
The solution of the above equations for the average values of 
Nusselt number is shown graphically on Figure 2. 
Turbulent Flow.—Many solutions have been devised for the turbulent flow 
of fluid in a thermal entrance region. AQjnost all of these solutions 
have, however, been for fluids with Prandtl number equal to one or for-
fluids with low Peclet number. Therefore, a new solution to the problem 
will be used which is based on that of Poppendiek and Palmer (21) to 
describe the heat transfer ^o water in a thermal entrance region between 
flat plates. Since the thermal boundary layer is very thin, the results 
from this solution should compare very -well to those for heat transfer to 
water in a thermal entrance region in circular pipes. 
The differential equation for heat transfer from plate surfaces to 
a fluid may be -written as: 
^ T^ = °< w * ? (20) 
d% o> u 











to 'o tu,~ t> cxp(-w) 
o 
SW 
tw- t L zxfi C-^i <7W_ i 
' W 'o 77^* yi 
where 
/_ 
w = Y ( £> I"7*2' 
Nu]- / [zmb fD\lPhP\]^ 
% rC^H(m.zf\i )W 1] ' 
It follows that 
/ 
fm-t2. 
To evaluate B, let 




MJ - J ^ ) / ^ /£ \ //Or 0, 
c^T^)^\T)[—]l • (26) 
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Therefore, the generalized velocity distribution will be represented by 
the expression 
U - c(f) 
m 
Thus, 




From t h i s , 
N-u] = m+2, \z
mCUY8(Rz /& 
m 







A/vZ , /*** [SU^fo. r?\%& 
To evaluate the thickness of the thermal boundary layer , l e t 
/ 




_^7 _ ^f(m*z)*1"H I 
rt)+Z 
'i; 7; ^ V "" / ̂ ^ J (Refi~)™ (PrD) ^Z 
' 
(30) 
W = ^ __ 






In dimensionless form, this is expressed as 
* 7 S ' FAJI (3U) VJTB, R*/f 
The problem of obtaining the constants in Equation 30 is solved by-
fitting the postulated equation for the velocity distribution to that of 
the generalized velocity distribution as shown on Figure 3. If we assume 
the values of C and m in Equation 28 to have values of 1.38 and 3/h 
respectively, then from Equation 30* 
* -Z 
/Vvl Z.7S f LIS 7"fRz /T)'\ 
fP^ff = L*r(jf) 1(1 rsfj ( /6 J 
7 (35) 
/V«7-- a V(n*fif(Prgf. 
If we assume the values of C and m in Equation 28 to hare values of 2.71 
and 1/2 respectively, then frcm Equation 30, 
/sj~ujL _ *-f ra.71 u Rz jry (pnlf *izr$U2.srJ( >*) y (36) 
Mu]u ,,.34s(Rzgf(p^f. 
The solutions of the above equations for the average value of Nusselt 
number are shown graphically on Figure 2. 
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CRAPTER III 
DESCRIPTION OF APPARATUS 
General,—The apparatus was patterned, though not exactly, after the 
apparatus as used by Harrison (1^). The over-all apparatus is shown in 
Figure h by a schematic diagram, and the heat transfer section is shown 
in Figure ^ by a photograph. The apparatus consisted of (l) water 
pressure reducing and regulating valves, (2) a heat transfer section, 
(3) a temperature measuring system, (I4) an electrical regulating and 
measuring system, (5) a flow measuring system, and (6) the necessary 
piping and pressure gauges. The construction and function of each of 
these principal components will be discussed in detail below, 
The water used as the heat transfer medium was controlled prin-
cipally by a Climax Controls, type 215L, variable pressure reducing valve. 
At the low range of the data taken, the back pressure valve, a J in. 
Nibco No, 80 globe valve, was closed to throttle the flow so that accurate 
temperature measurements in the water system could be made. The tempera-
ture of the water in and out of the heat exchanger was measured by 
thermocouples placed in thermowells and attached to the main flow channel 
by standard l/h in. pipe tees. When the flow was in the range of a 
Reynolds number of 1,000 to 3,000, the pipe tees were not sufficiently 
flooded to submerge the thermocouple junctions. Thus, the temperature 
of the water could not be measured accurately; however, throttling the 
flow by the back pressure valve permitted the thermocouple junctions to 
be submerged and hence alleviated the difficulty. To direct the flow 
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from the drain l ine into the flow measuring system, a standard l/U in* 
three-way valve was used. The water was turned 90° from i t s normal 
passage when the three-way valve was placed in posi t ion 2, the measuring 
pos i t ion . This resulted in a larger pressure drop than was caused by 
the valve in posi t ion 1 . When i n posi t ion 2, the flow was al tered and 
caused the temperatures in the heat exchanger to change from t h e i r value 
a t steady s t a t e condit ions, which were at tained with the valve in 
posi t ion 1 . To change th i s to a more favorable condition, a flow ad-
just ing valve, a l/U i n . Nibco No. 80 globe valve, was i n s t a l l ed d i r ec t ly 
af ter the three-way valve. This valve was closed un t i l there was no 
change in the temperatures in the heat exchanger as the valve was switched 
from posi t ion 1 to posi t ion 2 . 
The heat t ransfer section consisted of ( l ) mounting f langes, 
(2) hydraulic calming sect ion, (3) heater and flange separator tube, 
(h) heat exchanger, and (£) a temperature sensing arrangement. These 
components w i l l be discussed i n de t a i l below. 
The mounting flanges were of s t a in less s t e e l , tapped with standard 
l/U i n . pipe threads to which the thermowells were attached, (Fig. £ ) . 
The hydraulic calming sect ion was a s ta in less s t ee l tube (0#25> i n . to 
0.37^ i n . outside diameter, 0.089 i n . to 0,120 i n . inside diameter) with 
an i r a t i o of a t l eas t 30. The heater and flange separator tube was an 
exact duplicate of the hydraulic calming sec t ion . I t served only to 
separate the heat exchanger from the flange so as to allow more area for 
insula t ion between these two components. The heat exchanger i s shown in 
Figure 6. I t may be considered to be a short thick-walled copper 
cylinder with a 3 i n . outside diameter, 0.0^7 i n . to 0.182 i n . long, 
17 
0.089 i n . to 0.120 i n . inside diameter. A 1 i n . -wide copper rim was 
s i lve r soldered to the periphery of the cyl inder . A tubular inconel 
heater , manufactured by the Cromax Company of Buffalo, New York, with 
a 7^0 watt capacity was formed in to a double c i rc le and pressed snugly 
on the cylinder rim. These three pieces make up the heat exchanger. 
The temperature sensing arrangement consisted of number 30 constantan 
wires soldered in 1/61; i n . holes d r i l l e d in the copper cylinder as in 
Figure 6. A copper lead was soldered to the rim surface, permitting 
the cylinder i t s e l f to serve as a common copper lead to a l l constantan 
junct ions . The leads were then passed to a terminal s t r i p . The thermo-
couples for the temperature measurement of the water i n and out of the 
heat t ransfer section were number 2k copper - constantan couples placed 
in thermowells, as in Figure 5 . The leads were then passed to a terminal 
s t r i p . 
Leads were led from the terminal s t r i p s to a ser ies of selector 
switches, as shown in Figure 7, to an ice point and then to a K-2 
potentiometer, manufactured by Leeds and Northrup of Philadelphia, 
Pennsylvania. A Leeds and Northrup number 2k30 D-C galvanometer was 
used with the potentiometer. The above comprised the temperature 
measuring system. 
The e l e c t r i c a l regulating and measuring system consisted of a 
Powerstat Variable Transformer, type 1226, manufactured by Superior 
E lec t r ic Company of Br i s to l , Connecticut, which adjusted the amount of 
current to the hea te r . This regulated current was measured by a single 
phase wattmeter, model 310, manufactured by Weston Elec t r ic Company of 
Newark, New Jersey. 
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The flow of water through the heat transfer section was determined 
by weighing the water during a given time interval. The water was 
weighed on a set of Toledo scales with a maximum capacity of 15 pounds, 
graduated in l/lOO of a pound. The time required for this weight of 
water to flop; through the system was determined by the use of a Minerva 
stopwatch, graduated in 1/100 of a minute, 
Calibration of the Thermocouples.—The thermocouples could not be cali-
brated after they had been installed in the heat exchanger. However, 
thermocouples from the same spool as those used in the heat exchanger 
and water circuit were calibrated against a standard thermometer by 
immersing the thermocouple junctions in a water bath which was heated 
by a Calrod electric heater. The water temperature was regulated by 
controlling the input to the heaters with a Variac transformer and the 
correct temperature of the water obtained from a nitrogen filled glass 
thermometer, calibrated by the U. S. Bureau of Standards to 0.1 of a 
degree Fahrenheit. Corrections for the stem temperature were applied 
to the thermometer readings and a temperature vs EMF curve for the 
copper-constantan thermocouples was prepared and used throughout the 
investigation for determining temperatures from the voltages read on the 
potentiometer. The method above yielded temperatures that were only 
slightly different from those as published by the U. S. Bureau of Stan-
dards, (23). The test results are given in Table I, 
Assembly of the Heat Transfer Section.—Very meticulous care was taken 
when assembling the heat transfer section (Fig. 5) to assure that a 
flawless tube was provided for the water flow. This was extremely 
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important when the flow was laminar since the flow at the heat exchanger 
was postulated to be ful ly developed, i . e . , at l eas t beyond the thermal 
boundary l aye r . To do t h i s , a d r i l l rod of diameter no less than 0.002 
smaller than the diameter of the water tube was threaded through the 
heat t ransfer section to align the components. The compression bol t s 
were tightened and the system adjusted un t i l the d r i l l rod moved with 
ease through the heat t ransfer sec t ion . The passage was then v i sua l ly 
inspected, af ter the d r i l l rod had been removed. The thermowells were 
threaded in to place on the flanges and the complete assembly then coupled 
to the piping provided. This was done for each of the four heat exchanger 
sections used. In order to insula te the heat exchanger to assure r ad ia l 
heat flow, the heat t ransfer section was placed in a corrugated box, 
8 i n . by 8 i n . by lU i n . , and the ent i re container f i l l e d with granular 
vermicul i te . The thermocouple leads and heater wires were passed out 
the top of the box and joined to the terminal s t r ip s to complete the 
assembly of the apparatus. 
.Experimental Procedure .-—-At the beginning of each se t of runs, the shut-
off valve was opened to give pressure a t the pressure reducer. If the 
data to be taken were in the range of Reynolds number of 1,000 to 3*000, 
the back pressure valve was almost completely closed in order to assure 
that the thermocouple junctions would be submerged in the thermowell 
arrangement. The pressure reducer was adjusted so tha t about 0.1 pound 
of water per minute was flowing through the system. The var iable t r an s -
former was turned on and adjusted to give a temperature in the heat ex-
changer nearest the water tube of about 15S° J?» The system was then 
allowed to a t t a i n equilibrium. When equilibrium conditions were 
establ ished, the three-way valve was turned to posi t ion 2 a t the same 
ins tant as the stop watch, was s t a r t ed ; the temperatures a t two points 
for each of the four rad ia l posi t ions on the heat exchanger were 
recorded as well as the temperature of the water leaving the heat 
t ransfer sect ion, and also the difference between the upstream and 
downstream water temperatures. The three-way valve was turned to 
posi t ion 1 and the stop watch ha l ted . The water was weighed and the 
amount recorded with the time from the stop watch. This procedure was 
followed throughout the invest igat ion except at the high flows. The 
back pressure valve was opened during the high flow rate arid the flow 
adjusting valve was used to t h r o t t l e the flow in order that the same 
pressure drop was had whether the three-way valve be in posi t ion 1 or 
2 . This being adjusted, the above procedure was then followed to 




The following data were observed and recorded in order that 
pertinent calculations could be made: 
(1) Water temperature downstream from the heat transfer section, 
(2) Water temperature difference between the water downstream 
and the water upstream from the heat transfer section, 
(3) Heat exchanger temperatures at two points for four different 
radial positions 5 eight readings total, 
(U) The weight of water that passed through the heat transfer 
section, and 
(£) The time required for the above amount of water to collect. 
To insure that heat was not conducted from the heater to other parts of 
the apparatus by the connecting bolts, temperatures of the inlet and exit 
flanges as well as the calming tube and separator tube were taken. These 
temperatures were recorded at random throughout the investigation but 
were not used for any calculations. The operation of "the apparatus 7;as 
conducted as stated in Chapter III, Since the thermal conductivity of 
the copper heat exchanger varied less than one per cent, the rate of 
heat transfer and the temperature at the water-copper interface were 
calculated from 
a *• zrt k L (1- /w) (37) 
b 
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By arranging Equation 37j> we obtain 
t - £, 4 cr ^ z r 
, ' 7 , r - * (38) 
From tliis we see tha t by p lo t t ing temperature a t a given radius to the 
natura l logarithm of the r a t i o of the given radius to the radius of the 
flow channel we have a l inear re la t ionship with a slope of and an 
in tercept of t . The averages of the upstream and downstream tempera-w 
tures of the v*ater v/ere used as the mean temperature of the water in the 
heat exchanger• This mean temperature, together with the ra te of heat 
t ransfer and the circ-umferential area, was used to compute the average 
heat t rans fe r coefficient from the equation 
"' " Atf^L) ' 
where the subscri.pt L denotes the average value over the length of the 
heat exchanger. The weight of water per unit time was used to obtain 
the Reynolds number from the equation 
ac = 4w rr ̂ / D 
(UO) 
-Y 
A set of sample calculations is presented in Appendix D, showing 
the method of obtaining the results from the data for comparison with 
the analytical solutions. The results of these calculations are tabu-
lated in Table II and are graphically represented in Figures 8 and °» 
The original data taken are tabulated in Table III, 
Since a comparison is made between the analytical solutions and 
the experimental results, it behooves the investigator to see how closely 
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the experimental system adheres to the conditions set forth in the 
analytical solutions. The major assumptions for the analytical solu-
tions were that: (l) longitudinal conduction is negligible compared 
to radial conduction, (2) heat is added to the fluid only in the heat 
exchanger, starting at x = 0 and continuing to x = L, and (3) the walls 
of the heat exchanger are isothermal* 
The first of these conditions -was examined thoroughly by Harri-
son (2U). His results show that the longitudinal conduction is negligible 
for Peclet number equal to or greater than UOO. Since the lowest Peclet 
number observed in this investigation was 6,030, it is believed that 
longitudinal conduction can be neglected, 
In order to examine the postulate that the heat leakage from the 
copper heat exchanger to the nylon gasket was negligible, an analysis 
was made of the heat conduction in the nylon gasket. This analysis is 
shown in Appendix E. The results show that the experimental system 
imposed conditions remarkably near those postulated for the analytical 
solutions in the turbulent flow region. For flow in the laminar region, 
it is noted that the heat leakage through the gasket was appreciable and 
resulted in the calculation of lower heat transfer coefficients by some 
10 per cent since the temperature distribution in the heat exchanger was 
not a true indication of the amount of heat added to the fluid. 
The analytical solutions with which the data are compared are 
based on the postulate of uniform wall temperature. To investigate the 
experimental system for variation in wall temperature, an analysis similar 
to the above was conducted as shown in Appendix E. The results of this 
inquiry show that for flow in the laminar region, the wall temperature 
2u 
deviated only a negligible amount. For flow in the turbulent region, the 
deviation of wall temperature was found to be an average of 10,2 per cent 
of the difference between the first increment of the heat exchanger surface 
and the mean water temperature, based on one of the highest values of the 
heat transfer coefficients encountered during the experiments* 
To evaluate other errors encountered during the experiments, an 
error analysis was made in Appendix H. The results from this analysis 
show that a precision of about 20 per cent was attained when the results 
for the four heat exchanger sections were plotted as Nusselt number 
versus Graetz number; about 2k per cent when the results were plotted 
as Nusselt number versus Reynolds number. 
As shown in Table II, the heat transfer coefficients ranged from 
778 £>T%^ tQ 21 ̂ 00 £>'-"- . for Reynolds numbers of 1.21*0 
hr-W? Ar-ftZ-'f 
and 3U,800 respec t ive ly . The region in which the data f e l l i s shown on 
Figures 8 and 9. Although higher values of the heat t ransfer coefficient 
have been reached, the values from th i s invest igat ion are exceedingly-
high for the Reynolds number used. This is borne out when one considers 
that the long tube value of the heat t ransfer coefficient to water for 
a Reynolds number of 3hfB0Q for the same tube diameter as above i s about 
7,000 & T2£. • Thus, the values in a thermal entrance region for 
A r- #V* *F 
th i s case are three times the usual accepted long tube value. 
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CHAPTER V 
CONCLUSIONS AND ^COMMENDATIONS 
onclusions.—As a result of the experiments which have been described, 
it is concluded that: 
1$ The results from the experiments in the laminar region -were 
erratic since the temperature distribution in the heat exchanger was not 
a true representation of the rate of heat transfer to the water channel, 
as is shown in Appendix E. Therefore, no comparison can be made between 
the analytical and experimental results in this region. 
2. The results from the experiments in the turbulent region agree, 
within experimental error, with the analytical solutions. The analytical 
solutions were based on the equations for heat transfer to a fluid flowing 
between flat plates, whereas the experimental arrangement was that of the 
transference of heat to a fluid inside a circular tube. It is concluded, 
however, that since the thermal boundary layer is very thin, the flat 
plate solution should conform exceedingly close to the circular tube 
solution. 
3« The results from the experiments in the transition region be-
tween laminar and turbulent flow show that the trend in the thermal 
entrance region is to "break away" from the solution for the parabolic 
velocity distribution at a lower Reynolds number than usual. This may 
be caused by the hydrcdynamic calming section being too short to ensure 
a property developed flow pattern. This explanation seems reasonable 
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when one considers t h a t the data show a Reynolds number of 1,670 to be 
the point a t which the t r ans i t ion region begins for a l l the sections 
t e s t e d . I t i s noted that the resu l t s from a l l four heat exchangers 
could be represented by a single curve when the r e su l t s were p lo t ted 
as Nusselt number versus Graetz number, beginning a t a Graetz number 
of 200,000. 
U. The Nusselt number i n the t r ans i t i on region r i s e s rapidly as 
flow increases toward well established turbulent condit ions. The r a t e 
of increase depends on the t r a t i o and i s greatest for the smallest £ 
r a t i o . In this invest igat ion, the Nusselt number more than doubled for 
the heat exchanger with — = Q*hl$ &s the Reynolds number increased from 
2,000 to 3,000, while the increase in the Nusselt number for the heat 
exchanger with — - 2.12 was only 7$ per cent of I t s value a t the Reynolds 
number of 2,000. 
£• Extremely high values of the heat t ransfe r coefficient may be 
at tained in the thermal entrance region. Although higher values of the 
heat t r ans fe r coefficient .have been reached, the values from t h i s inves-
t iga t ion are exceedingly high fo r the Reynolds number used. This i s 
borne out when one considers tha t the long tube value of the heat t r ans -
fer coefficient to water for a Reynolds number of 3U,800 i s about 7,000 
— fe£ L H . as compared to the value of 21,1*00 Q ' ^ , In 
Ar-f1*-~F Ar-fl-'f 
the thermal entrance region for the same tube diameter. This value was 
obtained in this investigation for the thermal entrance region with - a 
0»U75« Thus, the values in this case are three times the usual accepted 
long tube values. 
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6. The apparatus described is considered to be very well suited 
for studying the effect of the thermal entrance region. This same 
apparatus may be easily modified to conform to a variety of entrance 
regions. 
7. The empirical equations of I• T. Aladyev yield a value of 
the heat transfer coefficient that is considered to be somewhat higher 
than usual. The analytical solutions give results which are about 5>0 
per cent lower than the results of Aladyev. The experimental results 
from this investigation give results which are about 30 per cent lower 
than the results of Aladyev. These examples tend to substantiate the 
belief that Aladyev's predictions are somewhat high. 
Recommendations.—It is recommended that: 
1. A larger apparatus} similar to the one described, should be 
used to investigate the heat transfer coefficient to fluid in laminar 
motion in a thermal entrance region. The larger system would permit a 
more accurate calculation of the heat transfer rate since more heat 
could be added to the water than in the present system. With more heat 
added, the heat loss through the gaskets would be negligible and the 
temperature distribution in the plate would then be an accurate measure 
of the rate of heat transfer to the water. 
2. A better method of assembling the apparatus be devised to 
insure that there is no possibility of misalignment of the calming tube 




Latin Capital Let ters ,— 
A area, ft2 
B c onstant 
C constant 
D equivalent diameter, or channel diameter, ft 
L channel length, ft 
K see Appendix F 
P,S,T see Appendix E 
U average fluid velocity, ft./sec. 
J flow rate, lb./sec. 
Latin Lower Case Letters•--
b rad ius , or half distance between p l a t e s , .ft. 
f f r i c t ion factor , or functional nota t ion . 
at XL h heat transfer coefficient, 
hr- ft*- 'F 
k thermal conductivity, & Til.— 
A r- ft- 'F 
m exponent 
n constant 
q heat t r ans fe r r a t e , Btu/hr 
r rad ius , f t . 
t temperature, °F 
29 
u v e l o c i t y i n x - d i r e c t i o n , f t . / s e c . 
w term for de sc r ib ing th i ckness of thermal boundary l a y e r 
x , y , s d i s t a n c e , f t . 
Greek Letters.— 
< ^ thermal diffusivity, ft.^/hr. 
/ 3 value for determining exponent 
^ an increment 
"f* Bessel function 
yisf dynamic viscosity, lb ./ft .-sec. 
/ kinetic viscosity, ft. /hr. 
llr see Chapter II 
Subscripts.--
L average value over a length 
m condition at mean fluid property 
o initial condition, or conditions at origin of network unit 
TBL thermal boundary layer 
yt conditions at the channel wall 
x local value 
Dimensionless Moduli .— 
G, Grae tz , ± ^ 
z ' TrkL 
Nu Nusse l t , A O 
P p P r a n d t l , c „y 
R Reynolds, e 
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KEY TO FIGURE h 
A Variable Transformer 
B Wattmeter 
C Heat Transfer Section 
D Switch Panel 
E Potentiometer 
F Galvanometer 
G Shut-off Valve 
H Variable Pressure Reducer 
J Back Pressure Valve 
K Three-way Valve 












Fig. U* Schematic Diagram of Apparatus 
KEY TO FIGURE $ 
A Upstream Thermowell 
Upstream Flange 
C Calming Section and Gaskets 
D Heat Exchanger 
E Separator Tube and Gaskets 
F Downstream Flange 
G Downstream Thermowell 
E 
F ig . £ . Photograph of Heat Exchanger 
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Pig« 7# Sketch of Thermocouple Circui t 
Fig* 8. Experimental Value of Average Nusselt Number in Entrance 
Region of Uniform Wall Temperature 
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Fi£« 8 (Continued). Experimental Value of Average Nusselt Number in 
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Table I . Thermocouple Calibration 
Thermometer Stem Temp. True Thermocouple Thermocouple 
Reading Temp. Correction Temp. A B 
(°F) (°F) (°F) (°F) (Mv) (Jfcr) 
70 .U 7O.J4 0.0 70.U 0.8370 
107.6 76.O 0.U9 108.1 1.7002 
129.2 80.U 0.76 I.3O.O 2.2237 






TABLE I I . HEAT TRANSFER RESULTS 
Run No. D ( i n ) L ( i n ) hT — ™ L _ _ Nu. ik G-
h r - f t 2 - ° F L e 
1 0.120 0.057 1360 38 .0 1270 16000 
2 1310 36.6 101*0 13100 
3 1660 h.6.h 1670 21000 
b 1980 tt.3 1780 221*00 
S 2060 57.5 1970 21*800 
6 2l*00 67.0 2260 281*00 
7 1*520 126 U?60 60000 
e 3290 91.8 2960 37300 
v 6150 172 7200 90600 
10 8?00 21*8 111*00 11*1*000 
11 10800 302 15230 192000 
12 12500 3k9 18900 238000 
13 11*250 398 21700 273000 
111 211*00 598 31*800 1*38000 
15 0.091* 0 .091 1880 1*1.2 972 6030 
16 2320 50 .8 21*60 15200 
17 1*250 93.0 3960 2U600 
18 3100 68.0 3020 18700 
19 1858 1*0.6 1560 9670 
20 1815 39.8 1690 10500 
21 2020 hh.3 1850 11500 
2? 2720 59.5 21*60 15300 
23 1710 37.1* 1720 10680 
21* 2600 57 .0 2500 15500 
25 281+0 62.2 2680 16600 
26 301*0 66.5 281*0 17600 
27 2900 63.5 271*0 17000 
28 3l*50 75.5 3380 21000 
29 3620 79.2 2980 18500 
30 3300 72.3 3990 2) :.300 
31 3960 86.6 1*020 21*900 
32 hh$o 97.5 5100 31600 
33 6ll*o 13U 6120 37900 
3k 6060 133 7000 li3l*00 
35 6k20 11*0 7500 1*6500 
36 0.09U 0.091 6800 11*9 8580 53200 
37 7170 157 9180 57000 
3 3 7720 169 9800 60700 
39 7770 170 10220 63500 
h.0 7760 170 11800 73200 
(Continued) 
TABLE I I . HEAT TRANSFER RESULTS (Continued) 
Run No. D ( in ) L ( i n ) h 3 t u 
L h r - f t 2 -°F 
NuT R. 
hx 7760 170 10750 66600 
U2 7830 172 13050 81000 
U3 7980 175 13600 8UU00 
bk 7950 17b 13900 86200 
16 8650 189 15000 93000 
h6 8750 192 15800 98000 
hi 8880 19k 16900 105000 
L8 9330 20h 17800 110000 
h9 9h20 206 18500 115000 
50 9380 20U 18100 112000 
5:i 10300 226 19300 120000 
52 10i£0 228 21^00 133000 
53 10720 235 22000 136000 
5U 10720 235 18900 117000 
55 10360 227 20200 125000 
56 10900 238 2ii|00 133000 
57 11200 2U5 22500 139500 
58 11080 2k2 23UQ0 iU5ooo 
59 11520 253 25200 156000 
60 11700 256 25Uoo 157000 
61 12100 265 27000 167000 
62 12250 268 2 7600 171000 
63 12300 269 28600 177000 
6U 850 18.6 1300 8050 
65 778 17.0 121*0 7700 
66 1020 22.U Ht90 9250 
67 997 21.8 1530 9500 
68 1290 28.2 1710 10600 
69 1760 38.6 19U0 12000 
70 1780 39 .0 1980 12300 
71 0.091* 0.091 87U 19 .1 1290 8000 
72 1130 2lw8 13U0 8300 
73 0.093 0.128 1560 33.6 1100 hdoo 
Ih 
—tr-' 
1160 25 .1 960 U180 
75 1200 25.9 9S0 I150 
76 17¥> 37.6 2060 9000 
77 1720 37.2 1630 7100 
78 1520 32.8 1330 5800 
79 
0 , r \ 
1355 29.2 1290 5630 
80 
1 1 
2110 U6.5 1953 8520 
81 1832 39 .6 1830 7980 
(Continued) 
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TABLE I I . HEAT TRANSFER RESULTS (Continued) 
Run No. D ( i n ) L ( i n ) hu —£SE. Mu, R G 
L hr-ft2-°F h Q z 
82 2U10 52 .0 3070 13l|00 
83 2560 ^.3 2960 12900 
8U 2630 56.8 2350 10250 
85 2210 UT.8 26I4O 11500 
86 2820 6 I . 0 29U0 12800 
87 2lhp 59.2 3060 13350 
88 2960 6U.0 3200 13950 
89 3060 66 .1 3520 1^0 
90 3360 72.5 UU10 19200 
91 31*30 7U.1 3980 17350 
92 39U0 85.1 5370 23UOO 
93 U090 88.2 Skoo 23600 
9k hioo 88.5 5830 25UO0 
95 IU;80 96.7 6300 27UOO 
96 5000 108.0 7300 31800 
91 k9$Q 107.0 7850 3U200 
98 5U20 117 8900 38800 
99 5220 113 9kS0 iai+00 
100 5800 125 10600 1+6200 
101 6130 132 12100 52800 
102 61*00 138 1U50Q 63200 
103 7750 167 ±kk$Q 63000 
10U 8080 175 19900 87OCO 
105 0.089 0.18.9 1330 27.6 1310 3700 
106 0.089 0.189 10i|2 21.6 1250 3520 
107 950 19 .7 870 2U60 
108 lliiO 23.6 885 2500 
109 723 15.0 1073 3030 
110 851 17.6 1190 3360 
111 1190 2U.6 11*80 U170 
112 12U0 25.6 1600 U5io 
113 1360 28.2 1680 U7il0 
l lU 1660 3k.h 2^20 7100 
115 1890 39 .1 2730 7700 
116 2030 U2.0 3120 8800 
117 2020 la.8 U550 12800 
118 3510 73.3 5970 16800 
119 hkho 92.0 8120 22900 
120 5300 110.0 10350 29200 
121 61U0 127.0 13600 38U00 
122 7000 1U5.0 15750 lOiUOO 
123 
-t A l 
8050 I67 .0 19100 53900 
12U 8710 180.0 22800 61i300 
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TABLE I I I . ORIGINAL DATA (Continued) 
Hun No. D ( in ) L ( i n ) Slope tw (°F) tm (°F) W J L 
(°F) min 
» 0,093 0.128 6.8 15U.5 90.9 0.1*35 
85 0.093 0.128 5.7 153.5 90 .1 O.L-93 
86 0.093 0.128 7 .0 11*7.7 86.6 0.573 
87 0.093 0.128 6.9 1U7.3 85.3 0.605 
88 0.093 0.128 8.0 11*9.8 83.1* 0.61*8 
89 0.093 0.128 8.1 11*7*2 82.2 0.723 
90 0.093 0.12& 8.8 11*7.2 82.8 0.900 
91 0.093 0.128 9.2 151.0 81* .3 0.797 
92 0.093 0.128 9 .7 11*2.9 82.L 1.10 
93 0.093 0.128 10.8 11*6.2 81 .1 1.12 
ft 0.093 0.128 10.7 11*5.7 81.3 1.21 
95 0.093 0.128 11.5 1UU.5 81.2 1.31 
96 0.093 0.128 13.0 11*5,2 81.2 1.52 
97 0.093 0.128 12.7 lUut 81.3 1.63 
98 0.093 0.128 ll*.2 11*5.8 81.3 1.85 
99 0.093 0.128 13 .h UOuIi 81.3 1.97 
100 0.093 0.128 1U.9 115.3 81.9 2.18 
101 0.093 0.128 16 .0 11*6.8 82.1* 2.1+8 
102 0.093 0.128 16 .1 lhh.h 82.6 2.96 
103 0.093 0.128 17 .1* 11*1.0 83.0 2.91* 
10li 0.093 0.128 19.3 i i* i .5 82.7 U.07 
105 0.089 0.189 3 .7 151.3 79 .5 0.268 
106 0.089 0.189 3 .0 35U.S 80.2 0.252 
107 0.089 0.189 2.7 15U.7 81.5 0.173 
108 0.089 0.189 3 .0 153.8 85.7 0.167 
109 0.089 0.189 2 . 1 153.6 79.7 0.218 
110 0.089 0 .189 . 2.k 152.6 79.9 0.21*2 
111 0.089 0.189 3.2 151.0 81.8 0.292 
112 0.089 0.189 3 .3 153.2 81*.7 0.30S 
113 0.089 0.189 3 .6 153.3 85.2 0.318 
ni 0.089 0.189 U . l 150.0 86.1,. 0.1*72 
115 0.089 0.189 l*.l 153.2 87.U 0.505 
116 0.089 0.189 5.2 15U.0 88 .1 0.573 
117 0.089 0.189 ii.8 11*9*5 88.1* 0.81*3 
118 0.089 0.189 8.0 11*6.3 88.2 1.11 
119 0.089 0.189 10.5 11*7.9 86.9 1.51 
120 0.089 0.189 12.0 H0w6 86.2 1.91* 
121 0.089 0*189 13.7 11*3.2 85.7 2.56 
122 0.089 0.189 16.5 11*5.7 85 .1 2.99 
123 0.089 0.189 18.5 lUluO 81*.7 3.61* 
121* 0.089 0.189 21.7 11*5.5 81* .3 U.37 
125 0.089 0.189 23.7 11*3.5 83.7 5.70 
$9 
Table IV. Temperature D i s t r i b u t i o n i n Heat 
Exchanger and Water C i r c u i t , Run No. 1 

















In P la te , r = % 2.8521; 15U-5 
In P la te , r - •• 2.8525 I5u.5 
In P la te , r = § 2.885U 155*8 
In P la te , r = | 2.8913 156.0 
In P la t e , r = 7/8 2.9151 157.0 
In P la te , r = 7/8 2.9182 157.1 
In P la te , r » 1-l/U 2.9323 157.7 




The fol lowing c a l c u l a t i o n s a re based on Run Number 1 . This run 
-was choosen because the r e s u l t s a re good and a r e s i m i l a r t o a l l o the r 
c a l c u l a t i o n s . Cyl inder t h i c k n e s s s 0.0^7 i n . a Q.Q0l4.7£ t t . Hole d i a -
meter a 0.120 i n . = 0 .01 f t . Temperatures recorded a re as noted i n 
Table I I I . From Equation 3 3 , 
f= fw + Q ^Svjl 
£WkL b ° 
where b i s the radius of the tube, 0.060 i n . The slope i s determined 
from Figure 10 as 1^6.2 - l £ l . 7 » kS$ where l£6.2 and l £ l . 7 correspond 
to values of £ - 10 and 1 respec t ive ly . The ra te of heat t ransfer i s then 
b 
determined from the s lope. 
Z.3Q3 - +*S 
zrrkL 




q = iZ.3 BtU 
/?A 
The heat t ransfer area i s 7VDL. 
A = rrDL = TT(O.OI)(O.OO + 7<T) 
A = 1.4-^ x to* ft* 
The arithemetic average of the upstream and downstream, temperatures -was 




The heat transfer coefficient is calculated from these values as follows 
hL = o_ _ /&•
 & 
A(lirL) (J.41x<S4)(&3.Z) 
hL = 13&0 Bt^ 
A/-uL = h D _ i3<boC°°i) - 38-o 
k 0-3S8 
The Reynolds number may be w r i t t e n as 
Re = 4- ^V_ 
rr^D J 
where W is the weight in pounds per second. The catch tank used for 
these experiments weighed 2»13 lbs* After a run of k minutes, the tank 
and water weighed 3»38 lbs» Therefore, the weight of water was 
3^33- ZJ3 0.3/2, lb 
^ ™ ^ ^ _ - _ _ ^ ^ _ _ _ _ — ^ — • 
4- tmi n 
The viscosity corresponding to a mean temperature of 88»5° F. is £.22 x 
10-U £ 
£ t * s e c « ^ * ,« • 
TKyO frC'f'ZZ* 1°'*) (P'°i)&>°) 
Re - f0>7o 
The Graeta number corresponding to these figures is 
Gz = Re Pr.__D - (jz ro)(6. o) (o.tzo\ 
L [0-057] 
Gz = /&CO<D. 
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APPENDIX E 
ANALYSIS OF HEAT LOSS IK GASKET 
The problem a t hand i s t o c a l c u l a t e t he heat l o s s from t h e hea t 
exchanger to the nylon gaske t between the calming tube and t h e heat ex -
changer , Figure h* Since the s o l u t i o n of the problem does no t war ran t 
the accuracy of an a n a l y t i c a l s o l u t i o n , a r e l a x a t i o n method i s used t o 
eva lua te the hea t l o s s . A review of the l i t e r a t u r e showed t h a t only the 
work of Harr i son (25>) p resen ted any procedure f o r ana ly s i s of two dimen-
s i o n a l hea t flow i n c y l i n d r i c a l coord ina te s using the r e l a x a t i o n method. 
His technique w i l l be used in the fo l lowing a n a l y s i s . 
I d e a l l y t h e system i s one of a f i n i t e hollow c y l i n d e r hea ted a t 
x = 0 wi th f l u i d flowing i n t h e channel a t r m a . The su r faces a t x - L 
and r = b are i n s u l a t e d . Figure 11a . I t I s t h e usua l method i n a two-di-
mensional r e c t a n g u l a r coord ina te network t o conduct a heat ba lance over 
u n i t s w i t h equa l hea t t r a n s f e r a reas p a r a l l e l t o the coord ina te a x e s . 
Reference t o Figure l i b , i t i s c l e a r t h a t a hea t balance over the system 
would y i e l d 
9 =k/ACPt)^ctz'tyMtB't)^^t-%)]. (4i) 
lO LWi A^Z <*^3 ^ ^ J 
I f 
AL _ A& = 4i = A± , 
A% Af^ &%-3 *V-4. 
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then 
9 =M(i->+* + t3-<t). 
A%, 
If -we now consider a similar heat balance for a unit in a cylindrical 
coordinate network^ Figure lie. If -we allow the temperature at each 
edge to be the arithmetic average of the temperatures of the adjoining 
units, we obtain 
/ ZAV ^vr$ 
+ (r**-n*)(t*-+.)+ ZM Ct>- t.) 
ZA% ^H 
HL 
Thus, the only conditions for which the temperature term is analogous to 









then Equation 1+2 becomes 
-Jn/X ' 
9 = rrA(n-n*)l 
° 2 A^ L 
^ + W . e (10) 
These conditions for analogous representation may be v^ritten as 
4AV 
If 
BB*« (n -/? *)JKJI= r?faz - il^n. 
r* Irs J rz P = £> _ : * * £ . £ * - M l 
5 rz n \a' 
then 8A%*= nZ(P~ l) *6t P. 
6U 
For a network covering the gasket as in Figure lid, it is advantageous to 
have the length of A ^ fixed for all units, hence by an argument similar 
to that above, it is seen that 
e&%z - r3*(5 -1) Jm, v5} 
3 = &, 
' 3 
and &At z - r/(T*- J^^K T 
where 
rs 
Obviously this method may be continued for any number of additional radial 
increments. By setting r~ a b and r, s a, we obtain 
r*(P£-i)J*tP = r3%5
z-l)M6 -r/fT-^JnT, 
which when rearranged gives 




These factors are all related by the fact that the product of PST must 
equal the ratio of the outside radius to the inside radius, b/a. The 
procedure is one of trial and error, but may be performed quickly with 
the aid of Figure 12, To illustrate the method used, consider the 
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network of Figure l i d . I t is necessary to find the values of P, S, and T 
for the above r e l a t i o n s . For the f i r s t t r i a l se lec t P = 1,8. From 
Figure 12 we see that S must then equal 1.U5 and then T must be 1.31• The 
product PST i s then 3«U2. The dimensions of the system used i n this i n -
vest igat ion -were such tha t b /a was equal to U.17 for the heat exchanger 
of L/D equal t o 0*U75• By repeating the above procedure i t i s found that 
for P - 2.0l;0, S = 1.520, and T m l*3h$, a product of U.17 i s obtained. 
The other rad ia l increments may then be determined. 
r, - o * o, o&o Af, - n/o'ZJS = o. 03/7 
r3 «• Pr, - z.o4o(o.06>o\ - o. JZZS 
rs = 3r3 - /.JZO(O./ZZJ) = o.iec?o 
r7 = Trs - /.34&(o.t8&) - o,zsoo 
r,z- 0.003C n^= o.ofs 
r/= 0.03+6 rr
z=o.o<*zs 
£ It - (P-l)^X>P- (4.fi,-l)Mt2.0& = 0.278 
fi* S 8 
Special considerations must be given to units at the edge of the 
network. A heat balance around corner i of Figure lid results in 
oj - Trk[(n*-n*)(t.~ ft + ZA+fa-1) 
"M LZA* ZnTi 
n 
+ Crf-n*)(zt] -*t)+Z12 zt] -**.)! (M) ZA% ( "M JMK ( J6h** Jy 
n 
where / / refers to the temperature at radius r? and along the 
-Y^i* ) -7 
plane x - 0 . The term 4- f refers t o the temperature a t radius 
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r a a and along the plane x - A ty « By rearranging, one obtains and 
analogous expression t o the other heat balance equation, namely 
a] = ZA^rrkft+% + zil +zf] -G 
J(o};) MP \ -fe»4
 7<^*) 
/ 1 
to I . 
05) 
The resulting temperature distribution is shown in Figure 13 • The 
temperatures are to the right of the lettered points and the corresponding 
values proportional to q are to the left* The temperatures result "when 
the boundary conditions are: 
i(r,o) = io'F.} 
ffa n) = o'F.} difa v) = o'F 
and <^r 
Sib L)'°-
The amount of heat conducted from the heat exchanger through the gasket 
and into the water passage may now be calculated. 
0 - / 3 r = O.OZ71 r$-rf= Q.Oj/4-
Z, JL 
n> - r3 ~ o.o/fG> 
—I J, 




= Trk 0.3<?0-+O.4/2 + O.S/3/= 3.4C>Trk 
I2A%L 
- .3. lb Trk al = fAt-Tfkfi-^ +2J+ 13 + 10I 
T 
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It is obvious that O j and Cf 1 must be equal since these are the 
•J'V.so 'Jr.* a 
only surfaces able to conduct heat, therefore, the average of the above 
will be used as the rate of heat transfer. 
a = (3.4£> + 3./t>) rrk * 3.3itrk Bfu 
2 hr. 
For nylon, k m 0,125 5 ^ — , which gives a value of about 1.3 5j^ 
hr-ft-°F 
which was conducted from the heat exchanger by the nylon gasket to the 
water circuit. By comparison with the tabulated data, it is noted that 
this amount of heat leakage in each of the two gaskets on the heat ex-
changer would constitute approximately 9 per cent of the heat flow in the 
test plate for the laminar region; approximately 2 per cent of the heat 
flow in the test plate for the turbulent region. 
It is to be noted that the above ideal solution tends to lead to 
a greater heat conduction through the gasket than the actual case. This 
is because the temperature difference between t(b, 0) and the fluid was 
never as high as 90° F,, also the temperature varied according to an 
exponential function of the radius and was such that t(a, 0) was less 
than t(b, 0). It is to be noted in addition that by assuming that 
t(a, x) is equal to the mean fluid temperature, one implies that the 
thermal resistance is zero at r s a, which yields a greater driving 
force for the ideal case than the actual case. 
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APPENDIX F 
ESTIMATE OF VARIATION OF WALL 
TEMPERATURE IN HEAT EXCHANGER 
In order to examine the deviation of wall temperature^ an intera-
ti ve procedure as prescribed by Scarborough (26) will be used. 
Two cases will be examined^ heat transfer to the fluid in laminar 
motion and also heat transfer to the fluid in turbulent motion. 
A heat balance around a network in the copper heat exchanger as 
shown in Figure 1h may be represented by 
- n>k[(r?-n*)(t- t)+ZA* ft, -1) 





Rearranging Equation U6 gives 
f (1*6) 
where 




When the system i s a t steady s ta te conditions, Oj = O and the 
Ufas 
terms in the bracket may be equated to zero; therefore, 
%*,-*," ° 
f _ r'N(t, + t,)+t*++. 
For the special case -when r = a, we may write 
9/ ~ rr k[(r.z- r*) (i, - t) +z AV (tz -1) 
Jfir* 
r. 
->(r,z-r.*-)(t3-L)+ h(znA%)(tm-t.)l. (U9) 
As before, Of = O when the system is at steady s t a t e condit ions, 
'J (fit, 1A 
and the terms in the brackets may again be equated to zero; hence for 
f_ z&k* (*> + *»+**) 
*~ rJ(Pl!)JnP + f+hfX^np ' , 
At* — 
I t i s necessary to use values of h which correspond t o pa r t i cu l a r 
locations at the heat t ransfer surface. Equation 19 can be used to calcu-
la te average values of h between x = 0 and x = L for flow in the laminar 
region, 
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Prandtl (27) derived a power law to represent the velocity dis-
tribution within a fluid in turbulent motion. This power law is mostly-
used to describe the velocity distribution up to a Reynolds number of 
50,000. (This range would encompass the span of this investigation since 
the highest Reynolds number attained was 3U3800.) Poppendiek (22) pre-
sented an asymtotic conduction solution for a fluid with the above 
velocity distribution "which may be written as follows: 
(5D A/uJ = /./ib/Ozj* 
This solution is based on heat transfer by molecular conduction 
alone and as such does not accurately predict the conditions present 
when water is used as the fluid. However, since the present problem 
does not require great precision, this solution can be used for the 
study of variation of wall temperature. 
Thus, by using the above mentioned equations, it is possible to 
obtain average values of the heat transfer coefficients for each incre-
ment of L as follows: 
h, = _/_ ( htd%. \d%, 
(52) 
h*. - J - I h% dt) (S3) 
.24* 





h, = z* + l I 
% 
h-dv. u h%dt 
•p. 
= JL^fe h2*t *hz3 A %J 
Therefore } 
hl3t= zhz- / ? , , 
hji3 = 3 h3- z h i •) 
h3* = +h+- sh3 . 







h l 2 
h23 
h3U 







For the ana lys is , the copper p la te was divided in to s ix r ad ia l 
increments and four longitudinal increments, giving the following de t a i l s 
x-
= LZ 
D = 0.120 
L = 0.0^7 
K 220Btu 
- hr. ft. °F 
X 
= 0.01U25 
P = 1.710 
:•' = lU86.1a 
r - 0.060 
W 
r 2 = 0.1027 
T]x = 0.1756 
r 6 r 0.300 
r 8 = 0.^13 
r1 Q = 0.87? 
x12 
Additional equations used are as follows: 
= 1.500 
t =_ t+et.+j r? (tt+ t3)+fz + f+ } 
z({ + ac. +i ft*'+ i ) 
7. 7+ Z (l.o3 *io~s) h 
(60) 
> (61) 
t = 3.37 t + fz (62) 
+.3 7 •+ (/. 03 * lO ~s) h ' 
t - i+e&.+in?t + +3L+ t+ (63) 
The results of this analysis are shown in Figure l£ for laminar 
flow and Figure 16 for turbulent flow. The numbers denote the temperature 
of the heat exchanger at that particular point as a result of the iterative 
procedure. 
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This method took into account the variation of the heat transfer 
coefficient along the length of the heat exchanger. 
The two examples used gave calculated average heat transfer co-
" D - U , , 
eff ic ients of 1,U50 and 13,900 —-—, corresponding to values of 
h r - f t 2 - °F 
1,360 and 12,£00 — — from the data taken. 
h r - f t 2 - °F 
In the example for heat t r ans fe r to the f luid while in laminar 
flow, the deviation of the wall temperature i s shown to be negl igible ; 
therefore , the wall of the flow channel i n the experimental setup -was 
isothermal as was postulated for the ana ly t ica l so lu t ions . 
In the example for heat t ransfer to the f luid -while in turbulent 
motion, the deviat ion of the wall temperature -was found to be greates t 
i n the l a s t increment of the heat exchanger and i s 16.8 per cent of the 
difference between the f i r s t increment of the heat exchanger surface and 
the mean water temperature. The average over the en t i re length i s 10.16 
per cent . 
I t i s to be noted tha t the example choosen for turbulent flow gave 
one of the highest values of heat t rans fe r coefficients encountered during 
the experiments. Therefore, the average deviation of the wall temperature 
for p rac t i ca l ly a l l of the heat exchangers would be somewhat less than 





In Chapter IV it -was shown that values of heat transfer coefficients 
were computed from the equation 
^ _ Q , (39) 
JcUlY 
where q was determined tram the slope S of the experimentally detennined 
temperatures in the heat exchanger, according to the equation: 
&~ t*) = 9„ *6n_r - Sj^tx 
~2bkT h & 
Experimental errors may be examined from the equations noted above 
for describing data from four different test sections. It is seen that 
the heat transfer coefficient is a function of the heat transfer rate, 
the surface temperature, the mean water temperature, and the surface 
area. All of these are determined from experimental measurements. 
>" *(<! M, *) > (6U) 
dh = df do + dfdt, + dfd tm-+dfdA. m 
da ' dL dL dA ° 
or 
Ah ± dfAq +dfA 
-+• 2_L a n • (66) 
' dL. dt dA 
da w 'm 
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From Equations 39 and 66 we get 
Ah - AQ^ At„-Atm _ A A .,. 
__ — I _- — _ — ^67j 
h Q ' h, - t, A 
*m 
AH In order to obtain the maximum error9 we express •«— as the sum of ab-
h 
solute values of the other terms. Since S = — 2 — we can write 
2ffKL 
AQ .- AL , A 5 
eft T T m 
to obtain an estimate of precis ion. The influence of dimensions and 
thermocouple location must be involved in estimating the e r r o r s , since 
data from four different t e s t sections are compared. The thermocouples 
were located within a t l ea s t 0,002 inch. I f r ? = li inch and r-, - \$ we 
may obtain the re la t ion 
Arz AT, o.ooz + Q.ooz 
V ^ _- hZS« f'*S = O.ooo. m 
n 
The values of £ t and £ t were found by evaluating a set of temperature 
measurements by the method of l e a s t squares. The average deviation was 
found to be approximately 0,5° F , This w i l l be used as an approximate 
value of 4 t r . Let A \ = 2 A t r = 1° F . 
Attz + A tf> - _ / - O. Q4. 
+ Z + ~ 2* (70) 
Thus, 
Aij 4 An 
4j = A\+A% + n, n__ o.on. 





Letting L m 0.001, Equation 63 may now be evaluated. 
ACj +AJ- j . A_5 _ O.OOi ^ 0.04-<?} 
7 L 5 0.057 (?2) 
AO = O.OOC>. 
r" 
The error in the heat transfer area is obtained by considering the possible 
errors in hole diameter as well as heat exchanger length. Thus, 
A - zrrbL . 
AA - 4J?+ A_L. (73) 
A b L 
The possible er rors in b and L are on the order of 0.001 inchj therefore , 
A A - O.OOI + O.OO I _ O.C3Z. ( ? y 
/I C.047 O.Of ( 
The possible error in obtaining the mean water temperature is on the order 
of 2° F, hence the errors for the values of heat transfer coefficients in 
the four test sections are, according to Equation 6*1, 
A h - O. OQCe + (l +Z ) t O.OZ2 -s O.ISZ. 
h \ss J {75) 
The error encountered in the Nusselt number from the above would be found 
as follows: 
Nxc = hD 
k 
d(/Vu) -Ah +AD (76) 
A/u h D 
) 
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A(N\*) = o. ISZ + O.ooHL = &, J73. 
Nzt ~ 0.0*4. ( 7 7 ) 
On this basis then, the error in the value of Nusselt number may amount 
to 17.3 per cent. 
The error encountered in the value of Graetz number may be found 
as follows: 
Gs = PzD_ - 4\A/c 
L ~ rrki ' 
A(G£)^ <A_}¥+ ±1. (78) 
6M W L 
The er ror in weighing the water was considered small, on the order of 
0.02. Therefore, the possible error in the value of the Graetz number i s 
A(GJ) - O.OZ+ O.Ot i =O,0 3J. ^ 
Gz 
The error of the Reynolds number may be found as follows : 
Re = 4W 
TfyD* 
Uo) 
jjCfie) = AVV A^S d_Q. (so) 
Re W y(/ D 
The viscosi ty was determined by the mean temperature of the water, which 
was in er ror by some 2° F . ; therefore, the discrepancy in the value of 
would be tha t corresponding to a temper attire change of 2° F. If the 
78 
mean temperature is assumed to be 8£° F._, then error in the Reynolds 
number would be 
A (£<z) - o. oz + o. /zs ^ a ooz 




From the above analysis, we can account for a precision of about 
20 per cent for the four heat exchanger sections when the results are 
plotted as Nusselt number versus Graets number; about 2l| per cent when 
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